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ABSTRACT 
The  motion  of  the  sea  urchin  sperm  flagellum  was  analyzed  from  high-speed 
cinemicrographs. At all locations on the flagellum the transversal motion and the 
curvature were found to vary sinusoidally in time. The curvatures of the flagella 
increase  strongly  near  the  proximal  junction.  Two  sperm  are  described  in 
transient from  rest  to  normal motion.  The  full wave  motion  developed  in both 
sperm within 40 ms. 
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In  recent  years  the  understanding of  the  force- 
producing mechanisms in sea urchin sperm flagella 
has advanced greatly.  A  sliding filament mecha- 
nism, in which cross bridges between the longitu- 
dinal fibers are  formed by the  dynein arms,  has 
been shown to operate in these flagella (23,  10). 
The molecular understanding of the force-produc- 
ing  mechanisms has  led  several  investigators to 
develop theoretical models for the processes that 
control and coordinate the attachment and break- 
age of the dynein cross bridges (3, 4,  16,  17, 19, 
21). The aim of these models is to reproduce the 
characteristics of the flagellar movements from an 
equation  of  motion  that  contains a  prescription 
for the attachment and detachment of the dynein 
cross bridges.  The  somewhat  surprising situation 
exists, however, that a detailed description of the 
sea  urchin  sperm  flagellar motion  has  not  been 
presented in the literature. The best data available 
are from  "multiple flash"  photographs  (1,  6),  in 
which  three  to  five  positions of a  flagellum are 
registered on a single still frame. The time interval 
between the successive positions is of the order of 
one full period of the flagellar beat. The shape of 
the  flagellar wave is well shown  in these  photo- 
graphs, but the time resolution is not sufficient to 
provide an accurate  description of the  course  of 
events within a cycle of the flagellar beat. 
In this paper a description of the motion of the 
sea  urchin  sperm  flagellum  is  given,  based  on 
data  from  high-speed  cinemicrographs  at  400 
frames/s. The filming speed was made possible by 
the  application of a  very highqntensity illumina- 
tion of the specimens. 
MATERIALS  AND  METHODS 
Experimental Methods 
Sea urchins (Arbacia and Lytechinus) were obtained 
from  N.E.  Marine Supply  Co.  (Woods  Hole,  Mass.) 
(Arbacia) and  Pacific  BioMarine  Laboratories,  Inc. 
(Venice, Calif.)  (Lytechinus). Sperm  shedding was in- 
duced by injecting the sea urchins with 1-2 ml of 0.5 M 
KCt. The spermatozoa were collected and suspended in 
artificial seawater  (Aquarium Systems,  Inc., Eastlake, 
Ohio) to a concentration of approx. 2 x  107/ml. Several 
hundred sea urchin eggs were added per milliliter of the 
suspension to prolong the life of the sperm. When the 
spermatozoa were  stored  at  room  temperature,  their 
motility  in the suspension was, by visual estimate, ap- 
proximately constant for a period of several hours. 
The pH of the artificial seawater  was kept at 7.9. All 
specimen handling and observations were carried out at 
a room temperature of 22 _+ I~ 
A  few drops of sperm suspension were  placed  on a 
microscope slide and covered with a 300-/zm thick cover 
slip. A thin layer of silicon grease sealed the sides of the 
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of  sperm  suspension  at  approx.  20-40  ~m.  On  the 
slide,  the  sea  urchin  sperm  maintained  motility  for 
longer  than  20  min  by  visual  estimate.  Filming  was 
done  within  5  min  from  the  moment  the  slide  was 
made. 
CINEMICROGRAPHY"  During  filming,  the  prep- 
arations were placed in a  Zeiss photomicroscope under 
a  10 x  objective, The filming of sea urchin spermatozoa 
requires dark  field illumination.  By trial and error the 
best combination of intensity of illumination and contrast 
was found to be obtained using the Zeiss VZ condenser 
with the low numerical aperture top lens (NA  =  0.63), 
and a  specially made central stop of 8.4 mm diameter. 
The light source was a  1,000 W  xenon arc lamp (no. 
982C-1  of Hanovia Lamp Div., Conrad-Hanovia, New- 
ark,  N.J.).  The  arc was  imaged  1  to  1  by a  four lens 
quartz condenser onto the point where the filament of 
the Zeiss high intensity illuminator had been positioned. 
The band width of the light incident on the preparation 
was restricted to 420-700  nm by 3  mm GG 420 and 4 
mm  KG  40  glass filters (Schott and  Gen.,  Mainz,  W. 
Germany). During the few seconds of filming, the filters 
were removed from the light path which increased the 
amount of light reaching the film approximately twofold. 
Cinemicrographs on  Plus  X  film  were  made  with a 
Millikan DBM-5C camera (Teledyne Camera Systems, 
Arcadia,  Calif.)  at  400  frames/s  using  a  140  ~ shutter 
opening.  This  resulted  in  an  exposure  time  of  each 
frame of 1 ms. The final magnification of the preparation 
on the emulsion was 50x. 
OATA  ANALYSIS:  Fig. 1 is a positive enlargement 
of a  section of a  16-mm film frame showing the image 
of a sea urchin sperm. The width of the flagellar image 
was equivalent to approx.  1 tzm in the preparation. At 
the  places on  the  flagellum  which  moved  at  maximal 
velocity during the 1-ms exposure, the image was broad- 
ened to ~ 1.4/zm. 
After  the  films  were  scanned,  a  number  of sperm 
were selected for detailed analysis. The cells were chosen 
to  show  apparently  normal,  steady,  and  unhindered 
motion.  The  aim  was  to  select  cells  over  the  widest 
possible range of flagellar frequencies. The selected cells 
were rephotographed on 35-mm film and projected to a 
final  magnification of 5,000.  The  center line  of these 
projected  flagellar  images  was  then  traced  on  paper. 
Small dust spots fixed to the slide were used as a frame 
of reference. All subsequent analysis was performed on 
these tracings. 
The width of the flagellar images at the 5,000 magni- 
fication used was approx. 5-7 mm. The position of the 
center of the image could be judged to approx. 0.5 mm, 
equivalent to 0.1  /~m in the preparation. The shape of 
the flagellum could therefore be determined to an accu- 
racy  of around  0.1  /~m.  Although  a  subjective judge- 
ment is involved in estimating this accuracy, it should be 
remembered that  when the center of a  band of 5  mm 
width is misplaced by  0.5  mm, the  widths of the two 
parts (2 and 3 ram, respectively) show clearly as unequal. 
The reference points were generally somewhat irreg- 
ular  in  shape.  On  tracings  of subsequent  frames  the 
drawn outlines of the reference points repeated to within 
1  or 2  mm  (SD).  The absolute position of a  point on 
the flagella was thus defined to an  accuracy equivalent 
to a few times 0.1/zm. 
Near  the  head-flagellar junction  the  glare  from  the 
image  of the  head  made  an  accurate  tracing  difficult, 
and the errors in the tracings were probably larger than 
those related above. 
The average path of the cells was determined as the 
center of a  number of superimposed tracings. Most of 
the  paths were  curved,  but  a  number  of cells showed 
progression  along  a  straight  line.  Sections  of  2  /~m 
length were marked off on each tracing as illustrated in 
Fig. 2. This defines the running coordinate s  along the 
flagellum. The deviations from the average path at the 
center of the head and at s  =  0, 5,  10, 20, 30, and 40 
/zm were measured and plotted as a function of time, as 
illustrated in  Fig.  3.  In the presentation of the experi- 
mental data in the Results section, the running coordi- 
FIGURE  1  Enlarged section of a 16-mm frame of a film at 400 frames/s, showing a sea urchin sperm. The 
arrows show where the motion of the flagellum caused a widening of the image during the 1-ms exposure. 
In this print the glare of the head of the spermatozoon has been reduced by partial shading of the image. 
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FIGURE  2  Diagram illustrating  the method of analyzing the motion. Further explanation is given in the 
text. 
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FIGURE  3  Deviation  from  the  average  path  ("ampli- 
tude") on various  locations on the flagellum  for a  sea 
urchin  sperm with  a frequency of 43  Hz. The lines in 
this figure  and  in  Figs.  4,  7,  8,  11a,  and  12b  were 
drawn by eye for heuristic purpose only. 
nate  s  represents always  the  distance  from  the  head 
measured along the flagellum. 
The curvature at s  =  1,  5,  11,  21,  31,  and 41  /xm 
was measured. Fig. 2 illustrates  the procedure at s  =  31 
/zm; tangents were drawn to the tracing at s  =  30  /~m 
and s  =  32  /.~m. The curvature 80/8~ was approximated 
as AO/As with As =  2/a.m. 
The line width of the tracings of the flagellar  images 
was, using careful drawing habits, approx. 0.5 mm. The 
tangents to the tracings  were drawn as judged by eye. 
The  accuracy  of  the  procedure  was  determined  by 
performing the analysis several times on overlays over a 
tracing  of  a  flagellar  image.  After  some  practice  it 
proved  possible  to  reproduce  the  value  of AO/As to 
within  2~  gin. This indicates that the tangents were 
drawn with an error of less than  1.5 ~  The accuracy  of 
the procedure followed was thus taken as ---2~  g,m in 
AO/As, corresponding to ---2 x  102 cm  -~ in curvature. 
The described procedure yields the value for the local 
curvature  at a well-defined place  on the flagellum.  For 
the  present purpose  this is  preferable to  the  method 
used sometimes (1, 11) in which circles are fitted through 
the flagellar images. This latter method gives the average 
radius of curvature (or As/AO) over an extended section 
of the flagellum. 
RESULTS 
General Characteristics 
At least 80% of the spermatozoa in the filmed 
preparations were  swimming in  circular paths of 
10-50  tzm  radius.  The average frequency of the 
flagellar  beat  was  approx.  35  Hz.  The  flagellar 
wave appeared to be planar.  This was judged by 
the  absence of movement of the  flagella  in  and 
out of the plane of focus and by the fiat appear- 
ance of occasional sperm seen edge on. The rather 
thick preparations insured that the planar motion 
was not due to a spatial restriction of the flagellar 
motions.  In  most  cells  approx.  1.5  waves  were 
present  in  the  flagellum.  A  thin,  inert  terminal 
piece 5-8  ~m in length was seen at the distal end 
of all flagella. The amount of light scattered from 
this terminal piece was of insufficient intensity to 
be registered on the films. 
These  characteristics  all  agree  with  those  in 
previous descriptions of sea urchin flagella (13, 2, 
6,  11).  It  can  therefore  be  concluded  that  the 
preparations used were normal. 
No differences were found in the characteristics 
of motion of spermatozoa of Lytechinus  and Ar- 
bacia.  The results obtained on both species were 
therefore  combined  and  are  presented together 
below. 
Detailed Description 
The cells selected for detailed analysis covered 
a range of flagellar frequencies of 8.2-52  Hz. No 
cells were found with a  frequency of the order of 
312  THE  JOURNAL OF  CELL BIOLOGY ￿9 VOLUME 76, 1978 20  Hz,  and  the  gap  in  the  data  around  that 
frequency  in  Figs.  7,  8,  and  12  could  not  be 
filled. 
The flagellar motion of the sea urchin sperma- 
tozoa was found to be very regular.  Fig. 3  shows 
the deviation from the average path  (the  "ampli- 
tude")  as  a  function  of time  at  various locations 
on  the  flagellum  of a  typical  cell.  In  Fig.  4  the 
curvature  is plotted  as a  function  of time for the 
same  spermatozoon.  The  accuracy  of the  curva- 
ture  measurement  was  obviously  less  good  than 
that for the simpler amplitude measurement. 
The  data  for  the  variation  with  time  of  the 
amplitude  and  the curvature gave the impression 
of being sinusoidal. For each of the cells analyzed, 
sinusoidal  curves  were  therefore  fitted  by  com- 
puter  through  the  data  illustrated  in  Figs.  3  and 
4.  The  method  employed  for  computing  these 
curves involved a least squares fit, as described in 
the Appendix. The deviations of each datum point 
from  the  computed  curve,  the  residuals,  were 
then  plotted  as  a  function  of their  phase  in  the 
period  of beating.  This  made  it  possible  to  plot 
the  residuals  of  cells  with  different  frequencies 
together in one graph. 
Fig.  5  shows  the  residuals  for  the  amplitudes 
for all cells measured.  Except at s  =  40  /~m, the 
residuals are apparently  completely random.  The 
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FIGURE 5  Residuals  for  the  amplitude  after  fitting 
sinusoidal  curves through the measured points (as illus- 
trated in Fig. 3) for all sperm analyzed. 
transversal  motion  of  each  point  of  the  flagella 
for s  -<  30  /zm  and  of the  center of the  head  is 
thus  sinusoidal  in  time,  and  the  residuals  were 
caused by small fluctuations in the motion and by 
measurement  errors.  Fig.  5  indicates  that  the 
fluctuations  and  errors  combined  amounted  to 
0.2-0.3  /zm.  Only  at s  =  40  /zm  is  there  some 
indication  of  a  pattern  in  the  residuals.  This 
pattern  shows maxima at phases of roughly 1 and 
4  rad,  pointing  to  the  existence  of  a  second 
harmonic  component,  with  an  amplitude  of ap- 
prox. 0.3  tzm. Since the magnitude of this second 
harmonic component  is comparable  to the meas- 
uring error, no conclusions should be drawn as to 
its significance. It should  be noted that  the addi- 
tion of a  second harmonic component  of approx. 
10%  to  the  main  sinusoidal  component  would 
give a  deformation  of the sinusoidal  curve that  is 
barely  perceptible.  We  must  conclude  therefore 
that at all locations on the flagellum the transver- 
sal motion is essentially sinusoidal in time. 
The  residuals  for  the  curvature  are  shown  in 
Fig.  6.  No patterns  are discernible  for any of the 
locations.  Fig. 6  shows that close to the head the 
residuals are quite large. This is to a  large extent 
due to the difficulty of tracing the flagellum accu- 
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FIGUPJE  6  Residuals  for the curvature after fitting si- 
nusoidal curves through the data points (cf. Fig. 4) for 
all sperm analyzed. 
rarely in the vicinity of the head. The head of the 
spermatozoa caused considerable glare in the low 
aperture imaging used, as can be seen in Fig. 1. 
The  deviations from  a  sinusoidal variation with 
time of the curvature at s  =  1 /zm and s  =  5 /zm 
are  apparently  random,  however.  It  should  be 
noted that the average magnitude of the residuals 
for s  >  5  /xm  shown  in Fig.  6  is  approx.  350 
cm -~, well above the probable ,error in measuring 
the  curvature.  These  residuals represent,  there- 
fore, most likely real irregularities in the motion. 
The  wave shape of  the  flagella  at  any  given 
time is not sinusoidal. Brokaw  (1) has proposed 
that the waving sea urchin sperm flagellum shows 
uniform  curvature  on  the  "wave  crests,"  with 
straight  sections  connecting these  circular  arcs. 
As the waves travel distally along the flagellum, 
one would expect  stepwise changes in curvature 
at  any  given location  when  the  transition of  a 
straight to a  circular section passes by. The data 
of Figs. 4 and 6 do not indicate this. A  measure- 
ment of the curvature as a  function of s  for the 
cells  presented in this paper  did  not reveal the 
presence  of  either  straight  or  circular  sections. 
However, the definition of the flagellar shape on 
the films discussed in the present paper was less 
good than that of the multiple flash photographs. 
The  original data  in reference  1  have therefore 
been re-analyzed with the procedure described in 
the subsection "Data Analysis." 
Fig.  7a  shows  a  reprint  of  a  multiple  flash 
photograph  (Fig.  la  of  reference  1)  of  a  sea 
urchin sperm flagellum. The very high quality of 
the photographs made it worthwhile to trace the 
center of the flageUar images (when projected to 
a final magnification of 5,000 as described in the 
subsection "Data  Analysis") with  extreme care, 
insuring a  uniform line width of the tracing. The 
tangents at the ends of the  2-txm  intervals were 
drawn as judged by eye. When viewing the trac- 
ings  under  low-power  magnification  (approx. 
5 x),  the  point at  which the  drawn tangent ap- 
proached  closest  to  the  tracing  line  could  be 
determined to  within a  few  times 0.1  mm. The 
segment length As  was  corrected in each case if 
the point of closest  approach of the tangent de- 
viated  from  the  marked-off  segment  endpoint. 
Since the angle A0 between two tangents can be 
measured with  negligible error,  the  accuracy  of 
the curvature AO/As was now determined by the 
error in As. For the present case, this error was 
several percents. With the maximal curvatures of 
~2,000  cm  -~  the  accuracy was therefore  in the 
order  of  50  cm-L  It  should  be  noted  that  the 
quality of the flagellar images on the high-speed 
16-mm film used in this paper was judged not to 
be good enough to warrant the described correc- 
tion of the curvature measurements. 
The  local  curvatures  measured  as  described 
above on the four flagellar positions are shown in 
Fig.  7b.  It  can be seen  in Fig.  7b  that,  of the 
seven curved sections, only one, designated A, is 
circular.  Details such  as  the  gradual increase in 
curvature in section B, and the smaller curvature 
in the center of section C can by close inspection 
be perceived in Fig. 7 a. No straight sections with 
a zero curvature are indicated in Fig. 7 b. All four 
curves  cross  the  line  of  zero  curvature  at  the 
maximum slope. In total, 24 curved sections on 
three spermatozoa presented in Fig. 1 of reference 
1 were analyzed and only three were found to be 
approximately circular. It appears therefore  that 
the  description  of  the  wave  shape  of  the  sea 
urchin  sperm  flagellum as  made  up  of  circular 
arcs  connected  by  straight  sections  has  to  be 
considered as an approximate one, and that  the 
wave shapes in Fig.  1 of reference  1 are  not in 
conflict with the present treatment. 
314  THE  JOURNAL  OF  CELL  BIOLOGY"  VOLUME  76,  1978 Fmu~  7  (a)  Multiple flash  photograph  (Fig.  la  of reference  1)  of a  sea urchin  spermatozoon.  (b) 
Curvature  of four of the flagellar positions  in  Fig.  7 a  as  a  function  of the  distance  from  the  head, 
measured along the flagellum. (Fig. 7a, courtesy of Dr. C. Brokaw.) 
The  results  illustrated  in  Figs.  3  and  5  show 
that  the  amplitude  U(s,t)  at  location s  on  a  sea 
urchin  sperm  flagellum, at  time t,  can  be written 
as  U(s,t)  =  A(s)  sin  to  t,  where  A(s)  is  the 
maximum  deviation  at  location  s.  The  different 
curves in  Fig.  3  are shifted  in  phase  with respect 
to each other due to the progression of the waves 
along the flagellum. If the phase shift for location 
s  is called a(s), with or(0)  =  0, all curves in Fig. 3 
can be expressed together as: 
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The functions A(s) and a(s) summarize the infor- 
mation presented in Fig. 3. 
Fig.  8  shows  plots  of A(s)  and  a(s)  for  two 
cells, with a frequency of the flagellar wave of 8.2 
and  43  Hz,  respectively. It  can  be seen  that  the 
data points for a(s) conform closely to a  smooth 
line. This was observed in all cells analyzed.  The 
derivative da/ds of a(s)  is to be interpreted  as a 
local  wave  number  for  the  flagellar  wave.  The 
wavelength h  of a flagellar wave is that value of s 
for which a(s)  =  27r, as indicated in Fig. 8a. 
The  amplitude A(s) varies smoothly with s,  as 
shown  in  Fig.  8b.  The  maximum  value  of  the 
amplitude,  A,  occurred  at  approx.  15-20  p,m 
from  the  proximal  junction  of  the  flagellum  for 
all sperm. 
In  Fig.  9  the  value  for  the  wavelength h  and 
the  maximum  amplitude A  as defined above are 
plotted  as  a  function  of  the  frequency  of  the 
flagellar wave. Inserted into Fig. 9  are the values 
for demembranated  sea urchin spermatozoa reac- 
tivated  at  very low external  ATP concentrations 
(7).  These sperm showed a  flagellar frequency of 
1.1  Hz at an external ATP concentration  of 0.01 
mM  and  of 2.4  Hz at  [ATP]  =  0.024  mM.  The 
values  for  h  and  A  were  obtained  from  the 
multiple flash photographs  of reference  7  by  the 
method described in an earlier paper  (19).  It can 
be seen in Fig. 9 that both the amplitude and the 
wavelength  vary  in  a  continuous  way  over  the 
entire range of frequency of 1.1-52  Hz. 
The  data  for the curvature p  of the flagella as 
illustrated in Fig. 4 above can be summarized in a 
way analogous  to that  used for the amplitudes  in 
Eq.  1.  This leads to  an  expression p(s,t) = p(s) 
IO!-  a 
9- 
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sin  [to t  +  %(s)],  where p(s,t) is the curvature at 
location s at time t, p(s) is the maximum curvature 
occurring  at  location  s,  and  ai(s)  is  the  phase 
shift  at  location s  analogous  to  a(s) used  in  Eq. 
1. The values for the phase  c~(s) for the curvature 
data  were identical to those found for  c~(s)  from 
the  amplitude  data,  and  they  need  not  be  pre- 
sented. 
The values for p(s), which represent  the maxi- 
mal curvature  at  location s  on  a  flagellum, were 
found  not to be correlated  with the frequency of 
601-  a 
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FIGURE 9a  and  b  Wavelength h  and  maximal ampli- 
tude,  A,  for  sea  urchin  sperm  as  a  function  of  the 
flagellar  frequency. The open circles represent demem- 
branated  sperm  reactivated at  very low external  ATP 
concentration.  The cross  represents the average wave- 
length  and  amplitude  reported  by  Brokaw  (2),  for 
normal sea urchin sperm. 
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FIGURE 8a and b  Plots of a(s) and A(s) for two sea urchin  sperm, at frequencies of 8.2 and  52  Hz, 
respectively. The value of s for which o~(s) =  27r gives the wavelength h for the flagellar wave. 
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length in flagella with higher frequency (Fig. 9b) 
would lead one to expect a  larger curvature,  this 
is apparently  compensated  by the  smaller ampli- 
tude of the waves of flagella at higher frequency. 
Fig.  10  shows  the  value  of p(s)  for  five  sperm 
analyzed, which cover the entire range of frequen- 
cies of 8.2-52  Hz. Not all sperm  were plotted to 
avoid overlapping of symbols in Fig. 10. 
The  data  of  Fig.  10  show  that  towards  the 
head-flagellum  junction  the  maximal  curvature 
increases  sharply.  Extrapolation  to s  =  0  gives a 
value of p(0)  of 6-7  x  103  cm -1,  corresponding 
to a radius of curvature near the proximal junction 
of  approx.  1.5  /zm.  This  strong  curvature  near 
the  proximal  junction  can  be  observed  by  close 
inspection in earlier multiple flash photographs  of 
sea urchin sperm (1, 6, 9,  11).  It can also be seen 
in Fig.  10 that at the end of the flagellum, at s  = 
43  /zm, the  curvature  does  not  vanish  but  has  a 
value of approx.  103 cm -1. 
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FIGURE 10  Maximal  curvature  for  five  sea  urchin 
sperm, over a frequency range 8.2-52 Hz, as a function 
of location on the flagellum. 
Asymmetry of the Flagellar Wave 
The  spermatozoa  swimming  in  a  circular path 
can  be  expected  to  show  an  asymmetry  in  the 
flagellar  motion.  The  curvature  data  in  Fig.  4, 
which refers to the same sperm as Fig. 3, show a 
clear off-set from  the zero line of the curvatures 
near the head-flageilar junction. This was consist- 
ently  found  for  the  cells swimming  in  a  circular 
path.  The  cells swimming  in  a  straight  path  did 
not show this asymmetry. Table I summarizes the 
data  on  four sperm  swimming  in  a  circular path 
of  approximately  equal  radius  and  three  sperm 
swimming  in  a  straight  path.  It  can  be  seen  in 
Table  I  that  the  asymmetry  in  curvature  occurs 
only near the head-flagellar junction  (s  ~  5  /,tm). 
The  present  data  do  not  show  whether  the 
asymmetry  is caused  by  a  bent  equilibrium  posi- 
tion  of  the  flagella,  or  by  an  asymmetry  in  the 
active force-producing mechanism.  However, the 
fact  that  motionless  cells are  most  often  seen  to 
be straight  points to the latter cause  as the most 
probable. 
Transients in Flagellar Motion 
In  the  course  of scanning  the  films, two  sper- 
matozoa were noticed which were initially motion- 
less, but  which spontaneously  started  movement. 
Since these transients in movement provide prob- 
ably the sharpest tests for the evaluation of models 
for sperm  flagellar motion the data  on both  cells 
will be presented in some detail. 
Figs.  lla  and  12a  present  a  set of tracings for 
the  two  sperm  in  the  process  of  starting  the 
motion.  The  deviation  of  the  flagellum  from  a 
straight  reference line (the  amplitude)  at various 
TABLE  I 
Asymmetry of the Maximal Curvature of Four Cells Moving in a Circular Path (of30 +- I0 p.m Radius), and of 
Three Cells Moving in a Straight Path 
Curvature asymmetry ~ot -  p,)/2 at: 
s=llzm  s=Sl~m  s  <  10/zm 
cm -I  cm -I  cm -i 
Curved path  1,800 •  270  520 •  400  200 •  300 
Straight path  350 •  350  200 •  300  200 •  300 
Average maximal curvature  Co  t +  p,)/2 
Curved and 
straight  path 
cm  i  cm  i  cm-i 
4,400 •  500  2,300 •  200  1,700 •  200 
The asymmetry is expressed as (,or -  p,)/2, where pt  is the maximal curvature to the "left" and Pr that  to the 
"right." The average (,or + p,)/2 is shown for comparison. 
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FIGURE 11  (a)  Tracings,  at  intervals of  2.5  ms,  of a  sea  urchin  spermatozoon  in  the  spontaneous 
transition from rest to full motion. (b) Amplitudes at various locations on the flagellum as a function of 
time for the sperm traced in Fig. 11 a. The dotted line at time =  12.5  ms denotes the moment at which 
motion can be seen to occur at all locations. 
locations on the flagellum as a  function of time is 
shown  for  each  sperm  in  Figs.  llb  and  12b, 
respectively. 
The spermatozoon  presented  in  Fig.  11  can  be 
seen from the tracings to start motile activity over 
the whole length of the flagellum at once. This is 
confirmed  by  the  amplitude  graphs  which  show 
motion  starting  at  all  locations  at  approx.  12.5 
ms.  The  spermatozoon  of Fig.  12,  judged  from 
the tracing alone, would give the impression that 
the  motion  started  by  an  increase  of  the  bend 
near the proximal junction. The amplitude graph 
in Fig.  12 shows, however, that motion started at 
every location on the flagellum at approx.  25 ms. 
In both  spermatozoa  an  apparently  normal  wave 
had  developed  in  approx.  40  ms  after  the  onset 
of motion. 
DISCUSSION 
The data presented above reveal some interesting 
properties of the sea urchin sperm flagellar motion 
which have not been described before. While it is 
not within the scope of this paper to compare or 
evaluate  the  various  models  which  have  been 
presented  for flagellar motion  (3,  4,  16,  17,  19, 
21),  a  number  of  general  conclusions  can  be 
drawn from the present results. These conclusions 
either  put  limitations on  the  types  of theoretical 
models  which  could  be  applied,  or  could  guide 
the developing of such models. 
The  deviations  from  the  equilibrium  position 
(the  amplitude)  and  the  local  curvature  at  each 
point on  the flagellum  were found  to  vary sinus- 
oidally/n time  for all sperm.  This means  that the 
amplitude,  and  also the curvature,  can  be repre- 
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Second example, as in Fig. I1, of a sperm in the transition from rest to motion. The 
motion can be perceived at all locations. 
sented by a single frequency, as in Eq.  1 above. 
In any model which results in a linear differential 
equation of motion, the  force-producing mecha- 
nism (the active contractile moment) should then 
also be represented by the same single frequency. 
In other  words,  the  force-producing mechanism 
should vary sinusoidally in time, with  the  same 
period  as  the  period  of the  flagellar motion. A 
model in which the active contractile moments do 
not vary sinusoidally in time  (which  means that 
other frequencies representing higher harmonies 
are present) has to contain nonlinearities, which 
could  suppress  the  manifestation of  the  higher 
harmonic frequencies in the motion of the flagella. 
Such  nonlinear models would likely have  to  be 
very complicated. 
A  sperm  flagellum  can  be  considered  as  an 
autonomous oscillator  (20).  This  oscillator is  a 
truly  mechanochemical one,  with  the  force-pro- 
ducing reactions, e.g.,  between  tubulin and dy- 
nein, coupled to the mechanical flagellar motion. 
The  observation  that  sea  urchin  spermatozoa 
which  start  motion from  a  resting position  can 
develop a full and apparently normal wave within 
one  period  indicates that  the  mechanochemical 
oscillation can  be  completely  developed  within 
one period. The  oscillatory mechanism is  there- 
fore probably of the gated-oscillator or the relax- 
ation type. A  resonance oscillator would require 
a  longer  swinging-in time  than  one  period  to 
develop the full amplitude (14). 
The  wavelength and the  amplitude of the  fla- 
gellar  motion  were  found  to  be  smoothly  but 
weakly dependent on the frequency of the flagel- 
lar  wave  (Fig.  9).  No  discontinuity was  found 
between the intact sperm in the range 8.2-52 Hz 
and  the  demembranated,  reactivated  sperm  at 
very  low  external  ATP  concentration  (1.1-2.4 
Hz). The very slow reactivated sperm were oper- 
ating at  a  low,  ATP-limited level of contractile 
activity, well outside the  range of normal intact 
sperm. When Ciona sperm (which are very similar 
ROBERT RJKMENSPOEL  Movement  of  Sea Urchin Sperm  319 to sea urchin sperm) are treated with low concen- 
trations  of  Triton  X-100,  the  frequency  of  the 
flagellar motion is much reduced. The wavelength 
of  the  flagellar  motion  changes  little,  however, 
even if the flagellar frequency is reduced  10-fold 
by  the  Triton  inhibition  (8).  At  the  lowered 
frequencies,  the  force-producing  mechanism  in 
the  Triton-inhibited sperm  functions almost  cer- 
tainly  at  a  much  reduced  level.  All  the  above 
observations  therefore  indicate  that  the  wave- 
shape in sea urchin sperm flagella is not principally 
determined by the  contractile  system  in  the  fla- 
gella. 
In  1966  this author  (18)  computed  the  wave- 
length of flexural vibrations in a  passive,  elastic 
rod  as  a  function  of  a  lumped  parameter  c  = 
2rtkfl4/IE, where k  is the fluid drag coefficient of 
the rod, l is its length, and 1E its stiffness; fis the 
frequency  of the  vibration. In  Fig.  13,  which  is 
reproduced  from  reference  18,  the  data  for  the 
wavelength  found  in  the  present  paper  are  in- 
serted.  Fig.  13 shows that the wavelengths in sea 
urchin sperm flagella, as a function of frequency, 
are  compatible  with  those  of  a  passive  rod.  It 
should be noted that  Fig.  13  was computed in a 
small  amplitude  approximation.  The  values  for 
the wavelength inserted in Fig. 13 were therefore 
remeasured from the data as the projection of the 
wavelength  onto  the  median  position.  With  the 
values ofk  =  1.6  x  10  '-' dyn cm -2 s (18) and/= 
4.3  x  10 -3 cm, the stiffness 1E of the sea urchin 
sperm  flagellum  derived  from  Fig.  13  is  1.1  x 
10 -13  dyn  cm  2.  This value  is  well  in  agreement 
with the value of 1  x  10 -13 dyn cm=' reported for 
ciliary  axonemes  (21),  and  the  value  of  1.4  x 
10 -'3 dyn cm  2 found by Lindemann (15), using a 
different type of analysis than that  applied here. 
The  above  observations seem  to  indicate that 
the wavelength of the flagellar wave in sea urchin 
sperm flagella is not determined by the contractile 
mechanism,  but  by  the  elastic properties  of  the 
flagellum.  A  model  for  the  contractile  activity 
should be formulated so as to cancel its influence 
on the wavelength of the flagellar motion. 
The  increase  in  curvature  towards  the  head- 
flagellar junction shown in Fig.  10 indicates that 
the  moments  in  the  flagellum  do  not  vanish  at 
this junction. There appears to be general agree- 
ment now that the stiffness IE of a single axoneme 
such as the sea urchin sperm flagellum is approx. 
10  -la  dyn  cm  2  (references  4,  5,  21,  and  this 
paper). The curvature p  of 6-7  x  103 cm  ~ at the 
proximal  junction  (Fig.  10  above)  implies  that 
there is an elastic moment p IE at that location of 
6-7  x  10 -10 dyn cm. The viscous moment at the 
proximal junction, caused  by  the  viscous  resist- 
ance of the head, is rather small. This is confirmed 
by the observations that in decapitated sea urchin 
sperm  the  flagellar  waveform  is  only  slightly 
changed compared  to that  in intact sperm  (2,  6, 
9). For a typical intact sperm the viscous resistance 
moment of the head, approximated as a sphere 2 
/.tin radius at a distance of 2/xm from the proximal 
junction, can be estimated to be 1-2  x  10 -l~ dyn 
cm. A  comparison of the phase of the motion of 
the center of the  head,  as shown  in Fig.  3,  with 
the  phase  of the curvature at  the  proximal junc- 
tion, as shown in Fig. 4, indicates that the viscous 
0'6 
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FIGURE 13  The  wavelength  of flexural  waves  in  a  thin  passive  rod,  computed  in  small  amplitude 
approximation (cross-hatched  band). The dots represent the small amplitude wavelength (the projection 
of the length of a wave onto the median line) for the sperm analyzed in this paper, as a function of the 
flagellar frequency. All wavelengths are expressed as a fraction of the length l of the flagellum. (Redrawn 
with permission, from Biophys. J.  1966.6:955.) 
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behind  the curvature.  The total moment  (viscous 
plus  elastic)  present  at  the  proximal  junction  is 
thus  7-9  ￿  10 -l~ dyn  cm.  An  active  contractile 
moment of the same magnitude  must exist at this 
junction. 
At the distal tip of the flagellum, the curvature 
does  not  vanish  but  has  a  magnitude  of approx. 
103  cm -1.  The  contractile  fibers  terminate  well 
before the distal end of an axoneme (22),  and no 
active moment  can  be produced  at the distal  tip. 
The elastic bending moment of the order of 10 -1~ 
dyn cm at the distal tip is apparently balanced by 
the  moment  caused  by  the  viscous  resistance  of 
the  inert  terminal  piece.  Equations  of  motion 
which  form  the  basis  of  flagellar  models  should 
apparently not be solved with boundary conditions 
which  make  all  moments  vanish  at  both  ends  of 
the flagellum. The existence of an active moment 
close to 10 -9 dyn cm at the proximal junction and 
the  influence  of  the  inert  distal  piece  must  be 
accounted  for  in  the  boundary  conditions.  It 
should  be remembered  that  the boundary  condi- 
tions usually determine the type of solutions to be 
used in solving equations of motion for flagella. 
Goldstein has recently described transients from 
motionless  to  active state  for sea  urchin  sperma- 
tozoa  (12).  The  sperm  were  induced  to  start 
moving by  a  change  in  external  pH  or the  ATP 
content  of  the  medium.  The  motion  developed 
gradually in these experiments over a time interval 
of the order of 1 s.  Most probably,  the transients 
reflected the time-course of the changes  effected 
in  the  medium.  The  development  of  waves  de- 
scribed  in  this  case  was  similar  to  that  found  in 
the present  paper.  Some sperm  could be seen  to 
start  motion  all  along  the  flagellum,  while some 
appeared  to  start  motion  from  a  bend  near  the 
proximal junction. 
APPENDIX 
Each of the curves shown  in Fig.  3  of the text is 
to be represented by a  sine curve. To account for 
the offset and the average sloping of the curves, a 
more complete expression has been used: 
U=at+b+Asin(tot+~b).  (1) 
With  c  =  A  cos  qb  and  d  =  A  sin  ~,  Eq.  1 
becomes 
U=at  +b  +csintot  +dcoscot,  (2) 
which  is  linear  in  a,  b,  c,  and  d.  to  can  be 
estimated with good accuracy from the data illus- 
trated  in  Fig.  3  of the  text.  A  four dimensional 
least squares fit was performed on the data for the 
estimated  value of co, and  for values of to  which 
were offset by steps of 0.1 rad/s.  Each value of to 
yields a  value for total square deviations, S, over 
all the data points for a sperm 
S  =  X(um  -  u) 2, 
where  Um  represent  the  data  and  U  the  values 
according to Eq. 1. That value of to which resulted 
in  the  smallest  value of S  was  taken  as  the  best 
fitting to.  For  each  curve  the  values  for a,  b,  c, 
and  d  obtained  with  the  best  fitting  ~o  were 
adopted as giving the least squares fit. 
The residual R  of a datum point Um is obtained 
from: 
R=Um-U 
and the phase ~  from: 
~b =  arc cotan (c/d). 
The  procedure  was  programmed  for  a  Univac 
1110  computer  (Sperry  Rand  Corp.,  Blue  Bell, 
Pa.).  The identical method was used for the data 
representing the curvature. 
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